gradually increasing through time (Fig. S2 ). Clade II showed a similar trajectory in 1 3 3 population size ( Fig. S2 ) and was found in puma from both regions, which is potentially 1 3 4
indicative of long-distance dispersal of FIV pco (Fig. 1a ). Clade III, in contrast, predominantly 1 3 5 circulated in the UB, but had a much more distinctive demographic pattern (Fig. S2 ). We population growth which plateaued around 2012 ( Fig. S3 ). In contrast, we found that FIV pco 1 3 9
WY has likely circulated at low prevalence in the UB for over a hundred years ( Fig. S3 ) and 1 4 0 had a slower estimated evolutionary rate than FIV pco CO (Table S2 ). Overall, despite regional fidelity, the FIV pco phylogeny did not map closely onto the puma 1 4 5 relatedness cladogram; yet there was some localized evidence for concordance between the cladogram (grey boxes in Fig. 1 ). Grey shading shows the extent of the Denver metropolitan areas. Branches coming from outside the study area 1 7 8
in the top panels are the branches connecting each region. See Appendix S1a-d for .kml files to recreate this map. FIV pco or host genomic data 1 7 9
could not be tested in some individuals (white boxes). patterns. In the WUI, our GDM models explained 20% of total model deviance (p = 0.028); 1 8 9 but only 7% in the unbounded population (p = 0.23). Moreover, the most important variables 1 9 0 that shaped spread in each case were different (Fig. 3a ). In the UB, even though insignificant, 1 9 1 FIV pco spread was associated with more roads (i.e., individuals more connected by roads had 1 9 2 similar FIV isolates, Fig. 3b ). In contrast, the viral spread in the WUI was shaped by spatial 1 9 3 proximity coupled with host relatedness and impervious surface. As spatial proximity 1 9 4 decreased, so did the FIV pco patristic distance between individuals; neighbouring individuals 1 9 5 shared more phylogenetically similar FIV pco isolates ( Fig. 3c ). Similarly, as host relatedness 1 9 6 decreased, so did FIV pco patristic distance (i.e., related individuals were more likely to share 1 9 7 phylogenetically similar FIV pco isolates, Fig. 3e ). We found a similar positive relationship 1 9 8 between FIV pco patristic distance and impervious surface resistance ( Fig. 3e ). Furthermore, in 1 9 9 complement to our relatedness measure, we also included host genetic resistance in our GDM 2 0 0 models (see Methods for details). Individuals in the WUI with low host genetic resistance 2 0 1 values had more similar phylogenetically FIV pco isolates ( Fig. 3f ). However, this relationship 2 0 2 plateaued with dissimilarity values of over 0.05 and was not significant (p = 0.38). showing the distribution of the data and the grey surrounding the blue line (the fit) indicates 2 1 5 95% confidence intervals. rD: Resistance distance. dps: Proportion of shared alleles. We also found that there were region-specific impacts of landscape on FIV pco lineage 2 1 9 dispersal velocity. Our analysis revealed that elevation tended to act as a conductance factor 2 2 0 increasing the dispersal velocity of FIV pco lineages in the WUI, whereas none of predictors 2 2 1
we measured had any substantial effect on lineage dispersal velocity in the UB (positive Q 2 2 2 distribution and associated Bayes factor support >3 34 ; see Fig. S5 and Table S3 for a list of coolest month) tended to act as a resistance factor decreasing lineage dispersal velocity in the 2 2 5 same region. Taken together, these results indicate that in the WUI, FIV pco tended to spread 2 2 6 faster through higher elevation areas less suitable for puma habitat. In the WUI, the areas of higher elevation tended to be away from the urban edge. The connections between host and pathogen at the urban edge Our multifaceted approach linking landscape, host genomic, and pathogen genomic data 2 3 4 uncovered unique landscape-specific effects on FIV pco spread, indicative of altered 2 3 5 epidemiological dynamics associated with urban landscape structure. We found that spatial viral spread were more intimately related in the WUI than in the UB (Unbounded) region. However, whilst there was some evidence for concordance between the FIV pco phylogeny and 2 4 1 host cladogram in the WUI, for the most part they did not map precisely onto each other in host relatedness did not shape phylogeography and entirely different sets of predictors shaped 2 4 5 host gene flow (spatial proximity and tree cover 22 ). These opposing patterns between host 2 4 6 gene flow and viral spread could reflect regional differences in transmission. One potential 2 4 7 scenario is that transmission between neighbouring related conspecifics may be more likely of roads on host gene flow 22 which supports the idea that FIV phylogenetics can capture 2 7 0 more contemporary movement patterns impossible to detect using host genetics alone 7,38,39 .
7 1
When host gene flow and viral spread are decoupled, as was the case in the UB, the rapid 2 7 2 accumulation of viral mutations may conversely obscure historical trends in connectivity 40 .
7 3
This could explain why we detected no effect of tree cover on FIV pco spread even though 2 7 4
puma are known to have a preference for tree cover to disperse and hunt 41, 42 . The altered . In contrast, we found that higher altitude areas increased dispersal velocity in the WUI. As predator' 13, 43 . FIV transmission events have been shown to be more likely to occur further 2 8 7 from the urban edge in bobcat populations 22 and the same may apply for pumas in the WUI 2 8 8 region here. Velocity may also be faster through higher elevations in the Front Range as 2 8 9
puma are more likely to rapidly move through unsuitable habitat. Unsuitable habitat has also 2 9 0 been demonstrated to increase the velocity of rabies lineages in dogs 44 . Disease management implications 2 9 3 2 9 4 1 8
Our findings have pathogen and host management implications, as we demonstrated that 2 9 5 spatial proximity and host relatedness may be relevant predictors of pathogen spread in 2 9 6 regions impacted by urban development. This may mean that the difficult task of disease 2 9 7 control in a large apex predator (such as vaccinating against feline leukaemia virus in a puma from the urban areas) may also reduce spread. We acknowledge that in this study we did not Total DNA was extracted from 50µl whole blood samples using the QIAGEN DNeasy Blood sequencing protocol and Table S4 for primer details. While we also sequenced the env gene, data regarding the use of a molecular (strict or relaxed) to analyse these data. Resulting in the public database Genbank, previously isolated from across the USA 49 (Fig. S1 ). To examine the broad placement of the FIV pco isolates sampled during this study, a 3 4 9 maximum-likelihood tree was constructed for the FIV pco dataset comprised of all isolates branches with <80 support were collapsed using TreeGraph2 52 .
3 5 2
We used TempEst to assess data quality control of our generated data through root-to-tip sequenced env genes. These deviations precluded the use of strict or relaxed molecular clock 3 5 5 models to analyse the data, and we hence decided to move forward with the pol and ORFA 3 5 6 sequence data. We used BEAST 1.10 53 with BEAGLE 3.1 54 to perform both discrete and sampling 58-61 (see Table S5 ). Multiple replicates were run with different starting seeds to presented the results obtained for the relaxed molecular clock models, the exponential only 6 sequences, we applied a different approach as there was not enough data to get stable 3 7 2 results for complicated evolutionary models. In this case, we assumed a strict clock and 3 7 3 constant population size and set the root prior to a uniform distribution (0, 300) reflecting our 3 7 4 expectation that this subtype had been circulating for no more than 300 years. For both HPD intervals for estimated parameters. To identify hidden population structure in our time-scaled phylogenies, we applied the 'tree We successfully genotyped 130 pumas (76 individuals from the UB and 54 individuals from the WUI) using a ddRADseq approach (see 22 for sequence and bioinformatics details). From 3 9 4
these genomic data, we quantified individual relatedness using the inverse proportion of analyses. We were unsuccessful in getting ddRAD data for seven individuals for which 3 9 7
corresponding viral genomic data were available (see Fig. 1 ) and for these individuals we 3 9 8
used the mean population relatedness value. Removing these individuals from the analyses 3 9 9 did not qualitatively alter the results. Furthermore, we used the complete Dps dataset from all 4 0 0 individuals and interpolated this distance across each landscape using a kriging approach. We We estimated a coalescent-based phylogeny with bootstrap support values using SVD We collected Geographic Information Systems (GIS)-based landscape data that we 4 1 9
hypothesized would be important for puma relatedness in Colorado (see Table S3 for more 4 2 0 calculated resistance distances between individuals with FIV pco sequence data also using 4 2 7
Circuitscape path model. We calculated the proportion of uninfected to infected individuals within a 5 km buffer We used generalized dissimilarity modelling (GDM) 33 to quantify if host relatedness and approach that fits monotonic I-spine functions to pair-wise matrix data 33 to describe the rate where i and j are individual puma, a 0 is the intercept, p is the number of covariates and f p (x) with K=100). Analysis of FIV pco WY was not possible given the small sample size. "seraphim" 6 (see 65,66 for a similar workflow). In this analysis, each environmental factor, as 4 6 3 well as the interpolated host genetic distance surface, was described by a raster that defines 4 6 4
its spatial heterogeneity and that was used to compute an environmental distance for each 4 6 5 branch in the phylogeny using two different path models: (i) the least-cost path model, which environmental rasters listed in Table S3 as well as the resistance raster generated from host 4 6 9 genetic distance interpolation. We generated distinct land cover rasters from the original relative to the conductance/resistance of a cell with a minimum value set to "1". as an approximated Bayes factor (BF) support 76 . To account for the uncertainty related to the 4 9 0
Bayesian inference, this analysis was based on 1,000 trees sampled from the post-burn-in 141, 1695-1703 (2008) . gene flow in carnivores. Mol. Ecol. 15, 1733 -1741 (2006 . human disturbance on wildlife nocturnality. Science 360, 1232-1235 (2018) . coyotes in southern California. Conserv. Biol. 17, 566-576 (2003) . carnivores. Proceedings. Biol. Sci. 284, 20170433 (2017) . Conserv. Biol. 16, 488-502 (2002) . Ecol. Evol. 22, 95-102 (2007) . lymphotropic lentiviruses. Clin. Microbiol. Rev. 19, 728-762 (2006) . natural feline host. Can. J. Zool. 84, 365-373 (2006) . infection reveals insights into transmission. Ecol. Evol. ece3.5584 (2019) .
